A NY demonstration of a role for nutritional factors in hypertension immediately raises the question of mechanisms for the elevated arterial pressure. It has been amply shown that hypertension is associated with obesity, that high salt intake can produce hypertension in experimental animals, and that rigid salt restriction normalizes arterial pressure in a fair proportion of hypertensive patients, but the mechanisms for these effects are not yet fully known. This presentation will focus on factors regulating arterial pressure and will discuss how these factors may be influenced by excess calories and salt.
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Hemodynamics of Normotension
and Hypertension It is by now axiomatic that arterial pressure is a function of flow and resistance, but it is surprising that this realization has come about only in the last 15 or so years. 12 For 30 years before that, elevated vascular resistance was considered the only hemodynamic abnormality (other than high pressure), because cardiac output was considered to be normal. 3 The simple formula, P = F X R, was interpreted as showing that resistance (R) alone was abnormal and that flow (i.e., cardiac output) was either not affected or played no role in hypertension. Now we recognize that cardiac output can be elevated in hypertension, 1 and that in such circumstances arterial pressure rises because vascular resistance does not decrease normally. 2 Cardiac output and vascular resistance are the direct determinants of arterial pressure, but the formula, P = F x R, tells us nothing of the various systems that we know influence pressure. These can be called "indirect determinants" because they influence pressure by affecting cardiac output and/or vascular resistance. These indirect determinants are: neural mechanisms, sodium balance, the renal pressor system, and aldosterone. These are known with certainty, but mention should be made also of the current interest in hormones that influence electrolyte composition of vascular smooth muscle because they may play a role in determining vasoconstriction. Although other factors, such as prostaglandins and the kallikrein-kinin system, may be important, their functions in regulating arterial pressure have not yet been fully defined. Also vasopressin and opioid peptides may play a part.
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dary form of hypertension to be recognized; and 4) sympathectomy was the first widely accepted form of treatment.
The early suggestion of Hering that abnormal baroreceptor function causes hypertension gained support from the demonstration by McCubbin et al. 5 of diminished baroreceptor sensitivity during experimental perinephritic hypertension in the dog. This was called "baroreceptor resetting," meaning that the carotid sinus depressor mechanism was not activated at those higher pressure levels. Now we know that the role of the nervous system is not that simple or singular, and that numerous brain centers, in addition to the carotid sinus baroreceptor reflex arc, regulate arterial pressure and are functional in producing hypertension or in allowing it to occur. These mechanisms will be detailed later in this symposium. Also discussed will be vasopressin, which being a neuroendocrine hormone, can be considered under the general heading of neural factors. A topic that is not on the agenda is the role of opioid peptides in arterial pressure regulation. The discussion that follows will present the evidence implicating neural mechanisms in clinical hypertension and will briefly discuss the possible role for opioid peptides since they seem not only to influence arterial pressure, but may also play a role in hypertension and may be implicated in obesity.
The success of sympathectomy in controlling hypertension in some patients, and the antihypertensive effectiveness of adrenolytic drugs, indicated that neural mechanisms operate in hypertension long before there was any clear evidence of them. That situation has changed because research for the last 15 years clearly indicates that some labile or borderline hypertension has a neural component. In 1967, Frohlich et al. 6 reported using blood pressure responses to head-up tilt and the Valsalva maneuver to test for a neural component in hypertensive patients. They found that patients could be divided into three groups according to their arterial pressure responses to head-up tilt: orthostatic hypertension, normal responses, and orthostatic hypotension. This categorization represented three groups with increasing severity of hypertension, i.e., the orthostatic hypertensive group had the mildest, the normal responders intermediate levels, and the orthostatic hypotensives, the highest levels of pressure. The orthostatic hypertensives also had exaggerated pressure increases in response to the Valsalva maneuver and had previously responded well to adrenolytic drugs (which had been discontinued 1 month before the study). From these results came the suggestion of a neural component in mild hypertension.
This suggestion became fact through later studies. Louis and coworkers 7 found that patients with mild hypertension and orthostatic hypertension in response to tilt had higher plasma catecholamine levels than patients with higher blood pressure levels. Julius and colleagues 8 have carried out extensive investigations of young people with borderline hypertension and have provided conclusive evidence for increased adrenergic activity. That this comes from brain centers is suggested by the work of Falkner et al., 9 which has shown exaggerated pressor and heart rate responses to mental arithmetic in young people with borderline hypertension. The peripheral sympathetic system may, however, also be hyperactive, because Frohlich et al. 10 .found increased heart rate responses to isoproterenol infusion in patients with the hyperdynamic heart syndrome.
Hyperdynamic circulation with modest elevation of cardiac output is common in patients with mild hypertension. As emphasized by Dustan and Tarazi," this could result in one of two ways: an increase in pulmonary blood volume or increased myocardial contractility. There is evidence for both conditions. Ulrych et al.,' 2 Dustan and Tarazi," Safar et al. 13 and Julius et al., 8 have all found a relative increase in cardiopulmonary blood volume. Frohlich et al. 1 and Ibrahim et al.
14 have shown the increased myocardial contractility. Both could result from increased adrenergic drive. In the former circumstance, this would diminish the capacity of venous reservoirs so that a greater than normal proportion of blood is maintained in the central circulation, while in the latter, increased activity of cardiac adrenergic nerves would increase contractility.
To summarize: the evidence for a neural component in borderline and/or mild hypertension now seems firm. How this develops is unknown. Also we do not know the natural history of this increase, whether it is permanent or merely a phase that wanes when significant medial hypertrophy of arterioles has occurred. We do know, however, that increased cardioadrenergic drive can be demonstrated in some patients with severe hypertension, 14 so there is a possibility that some hypertension is neurogenic, both in its inception and its maintenance. Certainly the fact that adrenolytic drugs are often effective in severe hypertension argues for adrenergic factors, even as vascular disease worsens.
Opioid Peptides and Arterial Pressure Control
The endorphins and enkephalins are widely distributed within the central nervous system and there is a growing body of evidence that they function in arterial pressure control. Three recent papers exemplify some of the research that is aimed at understanding these mechanisms.
Schatz et al. 15 studied the effects on pressure and heart rate of two enkephalins given intravenously (i.v.) into the lateral brain ventricles (i.v.t.) or into the cisterna magna of the fourth ventricle (i.c.i.) of cats, SHR, WKY controls, and rats with hereditary hypothalamic diabetes insipidus (DI). These studies were carried out because of evidence suggesting that opioid peptides influence the autonomic nervous system, pituitary hormone secretion and arterial pressure: 1) pain and stressful stimuli have hemodynamic effects and release opioid peptides; 2) opioid peptides are found in brain regions that regulate secretion of hypothalamic and pituitary hormones; 3) enkephalins are found in nerve fibers connecting the hypothalamus to the posterior pituitary and could function in vasopressin release; 4) enkephalin-like material has been found in the NTS and could influence its cardiovascular control mechanisms and 5) changes in heart rate and arterial pressure that are produced by morphine are blocked by morphine antagonists.
In cats they found that D-alanine enkephalin given i.v.t. increased arterial pressure and attenuated baroreceptor sensitivity. In rats, both SHR-stroke prone (SHR-sp) and WKY, leucine enkephalin given intravenously raised arterial pressure and the response was greater in SHR-sp than in WKY. Naloxone given i.v. lessened the pressor response but given i.v.t. it had no effect. When leucine enkephalin was administered i.v.t. pressure rose and the increase was greater in SHR-sp than in WKY. Naloxone when injected i.v.t. did not reduce the response whereas i.v.t. propranolol did. When given into the cisterna magna, leucine enkephalin produced equal pressor responses in SHR-sp and WKY, both of which were blocked by similarly administered naloxone. In DI rats, leucine enkephalin i.v.t. had a depressor effect.
From these results the authors concluded that there are many central opiate receptors that mediate the arterial pressure and heart rate responses to opioid peptides. This study also confirmed that SHR-sp has increased pressor responsiveness to centrally acting agents.
In another report, Szilagy and Ferrario' 6 investigated the effect of morphine on the pressor response to angiotensin II (All) given into vertebral arteries. This study was an extension of much earlier work by Ferrario et al. 17 which had shown that use of morphine was necessary to elicit the pressor response to vertebrally administered All. In the recent study, they postulated that the All response is dependent upon activation of opiate receptors. Thus, they found that All injected into vertebral arteries of dogs anesthetized with chloralose-morphine caused a dose-dependent rise in arterial pressure and heart rate that could be blocked with naloxone. With chloralose anesthesia alone, the pressor response to All was much less and was unaltered by naloxone. However, when morphine was added to chloralose, the All pressor responses were similar to those found when the chloralose-morphine anesthetic combination had originally been used. Since All exerts its central pressor effects through the area postrema and since enkephalin-containing neurons are found there, they concluded that the endogenous opiate system is important in inducing the All-mediated rise in arterial pressure.
Clonidine and alpha methyldopa are well recognized as having a central mechanism for their antihypertensive effects. Since clonidine and morphine both decrease arterial pressure and heart rate, Kunos et al. 18 investigated the possibility of an interaction between central opiate and alpha receptor systems. They superfused brain stem slices from SHR and WKY rats and measured the amounts of beta-endorphin immunoreactive material that was released when various alphaagonists, alpha-antagonists, and opiate antagonists were added to the superfusate. They found that both clonidine and L-alpha methyl noradrenaline caused a marked release of beta-endorphin immunoreactive material from brain stems of SHR but not WKY. Yohimbine, an alpha-antagonist, reduced release of the betaendorphin material from untreated brains and blocked the anticipated clonidine release. Naloxone, which blocks the depressor effect of clonidine in SHR, did not inhibit the clonidine-induced release of beta-endorphin-like material. Clonidine has little hypotensive effect in WKY and this was not affected by naloxone. Further, destruction of the NTS abolished the depressor response to clonidine in SHR but did not modify the small response in WKY. 19 These results indicate a role for opioid peptides in arterial pressure control in SHR that is lacking in WKY.
Body Sodium Stores
There is no question that salt intake influences the arterial pressure of some proportion of hypertensive patients but the prevalence of salt-dependent hypertension is unknown, nor is the mechanism understood. Sodium balance determines extracellular fluid volume, plays an important role in renin release, and affects the activity of the sympathetic nervous system. Hypertension that is normalized by salt deprivation differs in certain of these functions from that which is not affected, but this tells us little about why a high salt intake produces hypertension.
Salt-Dependent, Salt-Sensitive, and
Salt-Resistant Hypertension There are two hypertensions that are clearly saltdependent: primary aldosteronism and that accompanying chronic renal failure treated by dialysis. As far as essential hypertension is concerned, there is work going on to determine the functional characteristics of those patients who become normotensive with salt restriction (salt-dependent hypertension), those whose arterial pressure rises with salt-loading (salt-sensitive hypertension), and those in whom salt-loading has no effect (salt-resistant hypertension).
Primary Aldosteronism
Bravo et al. 20 showed some years ago that the hypertension of primary aldosteronism could be reduced to normal by a 9 mEq Na diet and use of a mercurial diuretic. This result points to the primacy of sodium in this type of hypertension which could be abolished in the face of continuing hyperaldosteronism; it also underlines the importance of aldosterone excess in interfering with sodium homeostasis.
Renoprival Hypertension
Patients with chronic renal failure maintained by dialysis frequently have hypertension, and this is now recognized to be either renin-dependent, salt-dependent, or a mixture of the two types. 21 Bilateral nephrectomy removes the renin component and when hypertension persists, it is then salt-dependent. Onesti and colleagues 22 have provided landmark data concerning this type of hypertension. They showed that hypertension in anephric patients was positively correlated with ARTERIAL PRESSURE REGULATION/Di/stan 111-65 total exchangeable sodium so that it depended on the degree of positive sodium balance that persisted following dialysis or accumulated between dialysis. In contrast, there was a small group of anephric patients who never became hypertensive regardless of the degree of positive sodium balance. Experience with the hypertension of chronic renal failure has uncovered two important aspects about sodium in hypertension. One is the fact that, whereas the prevalence of hypertension is 15% to 20% in the overall U.S. population, it rises to about 80% in renal failure. 23 The other is that salt alone does not produce hypertension; a susceptibiU ity to the pressor effect of sodium must be present for hypertension to develop. The nature of this susceptibility is unknown, but I am tempted to ascribe it to differences in the contractile apparatus of vascular smooth muscle such that salt excess causes vasoconstriction.
Essential Hypertension
Some years ago, we described a group of patients who became normotensive (i.e., blood pressure less than 140/90) during 4 days of salt deprivation. 24 We called this "volume-dependent essential hypertens i o n , " but a better term seems now to be " salt-dependent hypertension." In this study, patients took a 9 mEq sodium diet for 4 days, and a mercurial diuretic was given on the first day. In those with salt-dependent hypertension, the arterial pressure response was striking, with reduction to, or toward, normal on the first day. Average control pressure was 161/103 mm Hg and during the 4 days of deprivation was 131/86 mm Hg. This response was in sharp contrast to that obtained in the salt-resistant group: control, 161/107 mm Hg; deprivation, 151/103 mm Hg. Three of the seven salt-resistant patients studied had some reduction in pressure but not to normotensive levels. A salt-loading period of 3 days followed the 4 days of sodium deprivation, and on each day, the patients received 0.9% sodium chloride solution intravenously (25 ml/kg or 3.88 mEq Na/kg). Arterial pressure of the salt-resistant patients did not change (151 /102 mm Hg) while that of the salt-dependent patients rose somewhat and averaged 162/99 mm Hg on Day 3 of salt-loading. We looked for differences between the salt-dependent and salt-resistant hypertensives that would distinguish them. In the control period, those with salt-dependent hypertension had lower plasma volume and lower plasma renin activity than the salt-resistant (p < 0.01 and/? < 0.05, respectively). Aldosterone excretion rates were not different. With salt deprivation, plasma volume decreased the same amount in the two groups so that a significant difference persisted. Plasma renin activity (PRA) was increased and, although the average level achieved in the salt-dependent group was less than in the salt resistant group, the difference was not statistically significant. Aldosterone excretion rates responded similarly in the two groups.
Thus, we were unable to say that salt-dependent hypertension is characterized by subnormal compensatory increases in renin and aldosterone. With salt-loading, the patients with salt-dependent hypertension retained significantly more sodium and gained more weight than those whose hypertension was salt-resistant. This could have been because of the lower arterial pressure in the patients with salt-dependent hypertension. The major finding of this study was the identification of a group of patients who became normotensive with salt deprivation, and the impressive factor was the rapidity with which arterial pressure fell.
More recently, Kawasaki et al. 25 reported their results with salt deprivation and salt-loading in 19 patients with essential hypertension, studied during 1 week of a 9 mEq sodium diet followed by 1 week of a 249 mEq sodium intake. They were not so much concerned with pressure responses to salt deprivation as they were with rises in arterial pressure with loading. They defined salt-sensitive (SS) hypertension as that exhibiting a 10% or greater increase in mean arterial pressure during salt-loading when compared with values obtained during the low salt period. Nonsalt sensitive hypertension (NSS) was not changed with the addition of salt. They found that the patients with SS hypertension had less stimulation of supine PRA with salt deprivation than those with NSS hypertension although salt-loading was accompanied by equal suppression in the two groups. Plasma aldosterone concentration responses followed the same patterns as PRA. They also found that the SS hypertensives gained more weight with loading than the NSS hypertensives, but did not attribute it to the decrease in arterial pressure during the low sodium diet. We had noted a similar response to salt-loading in our saltdependent hypertensives and thought it probably represented a lack of pressure natriuresis. 24 In a 1980 report, Fujita and coworkers 26 described responses of another group of SS and NSS hypertensive patients. They confirmed their earlier findings of differences in responses of PRA and plasma aldosterone to salt deprivation and, in addition, found that the SS hypertensive patients had significantly higher norepinephrine levels during the fourth day of salt loading than those with NSS hypertension.
Recently, Campese et al. 27 have shown that hypertensive patients whose blood pressure rose with a 200 mEq sodium intake/day failed to show a suppression of plasma norepinephrine as did the normotensive control subjects and patients with salt-resistant hypertension.
It seems likely that the salt-dependent hypertension that we described is equivalent to salt-sensitive hypertension and that at least one mechanism for this type is failure of an adequate stimulation of PRA to maintain pressure during negative sodium balance.
Natriuretic Hormone
A research area of much contemporary interest and activity concerns the possibility that salt-dependent hypertension results from the production of a natriuretic hormone that not only affects the kidney but also inhibits the sodium pump of vascular smooth muscle. 28 ' 29 Such an inhibitor would diminish the capacity of those cells to regulate intracellular cation concentrations, which would render them more excitable to ordi- 
Renal Pressor System
The importance of the renal pressor system in renovascular hypertension is clear, 33 -34 but its role in essential hypertension has not yet been determined. Because the bulk of essential hypertensive patients have either normal or low PRA and little blood pressure response to captopril alone, it has seemed likely that the renal pressor system has little significance in essential hypertension. A recent report by Hollenberg et al. 35 has, however, raised doubt about this conclusion. They studied the effect of captopril on renal blood flow and glomerular filtration rate in normotensive subjects and patients with essential hypertension maintained on either a low (10 mEq) or normal (200 mEq) sodium intake. The PRA of the two groups was not different during the control period. However, captopril produced a greater increase in blood flow and filtration rate in the hypertensive patients than in the normotensive patients regardless of the sodium intake, and, during sodium deprivation, a greater fall in arterial pressure. These results raise the question whether renal vasoconstriction itself sets in motion a sequence that not only initiates hypertension but also maintains it.
In this regard it is relevant to recall that Fahr et al. 36 considered renal ischemia to be a cause of hypertension, that Goldblatt et al. 37 undertook their classic experiment to test that hypothesis, and that Katholi et al. 38 and Cowley and Lohmeier 39 have shown that low dose intrarenal norepinephrine infusion could raise arterial pressure in dogs more than when it was given intravenously. It is interesting that the possibility of renal vasoconstriction as playing an important role in hypertension has been such a durable idea during the past 65 years.
Conclusions
This is an important time in our understanding of hypertension. Current research, building on the information of the past, is revealing the myriad ways in which brain centers, neural peptides, and neural endocrine hormones control arterial pressure and play a role in hypertension. The mechanisms whereby sodium produces hypertension are beginning to be understood. The importance of the kidney and its relationships to the brain are becoming tangible. Certainly this knowledge will be central to our understanding of nutritional factors in hypertension.
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